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The incorporation/entrapment of water-soluble surface-active enzyme, pepsin (PEP) within an insoluble
cationic octadecylamine (ODA) monolayer is studied by Langmuir–Blodgett technique. The observation
suggests that the incorporation of PEP is less preferable at compressed region (~30 mN/m). The electrostatic
interaction plays a significant role for the greater incorporation of PEP in cationic ODA monolayer. The
surface pressure–area isotherms along with FE-SEM analysis indicates the squeezing out of PEP from the
monolayer at higher surface pressure. This will assist to select the optimum surface pressure to obtain a good
quality and well-ordered Langmuir monolayer. FTIR study of amide bands together with FE-SEM imaging of
ODA–PEP mixed film indicates that ODA perturbs the PEP by the increment of β-structure resulting into
larger unfolding, intra, and intermolecular aggregates.
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1. Introduction

The encapsulation of protein/enzyme in different lipid matrices is a
subject that has received considerable attention in recent years to
protect the protein/enzyme against microbial degradation, hydrolysis,
and auto proteolysis as well as for prospective biotechnological devices
fabrication along with biomedical applications [1–8]. Numerous
methods, such as sol–gel process, self-assembly (SA), Langmuir Blodgett
(LB) techniques etc. [9–15] are proposed for immobilizing proteins in
lipid matrices. Among these, the Langmuir and/or Gibbs monolayer
studies and subsequent monolayer transfer to solid substrate by LB
techniques are the most versatile and convenient techniques to study
the protein–lipid interaction at air/water interface for entrapment of
protein/enzyme in lipid matrices as well as for designing ultra thin
artificial films with biological functions [16].

Depending on the isoelectric point (pI) of the protein/enzyme,
cationic amphiphilic reagent (e.g. octadecylamine) has been used to
immobilize proteins in many investigations [1,17–20]. However, the
conformational regulation and orientation of protein/enzyme in
octadecylamine (ODA) matrix is not well established.

In the present study, our intention is to investigate the interaction
of a proteolytic enzyme, pepsin (PEP) which exists in the gastric juice
of all mammals [1] with octadecylamine at air/water interface. Aim
lies also to study the formation of ODA–PEP mixed LB film along with
the measurement of structural reorganization of PEP. By combined
use of LB deposition and high-resolution FE-SEM techniques, this
study focuses on the structural aspects of PEP on ODAmonolayer. The
surface pressure (π) versus time (t) curves in addition to the surface
pressure (π) versus area (A) isotherms were studied to understand
the physical aspect of PEP–ODA interaction as well as the incorpora-
tion of PEP within the ODA surface. FTIR spectroscopy of amide bands
of PEP were utilized to inspect the extent of the conformational
transitions of PEP in immobilized PEP–ODA film.

2. Experimental

PEP and ODA were purchased from Lobachemie and Aldrich
Chemical Co., respectively. These chemicals were used as received
without further purification. The spectral grade chloroform (SRL,
India) was used as solvent to prepare solution of ODA with desired
concentrations. A Teflon-bar-barrier type LB trough (model 2000C,
Apex Instruments Co. India) was used for the preparation, character-
ization and deposition of film. The trough width and length are
200 mm and 450 mm respectively. The subphase volume is about
1.2 L. The subphase used was triple distilled water, deionized with a
Milli-Q water purification system from Millipore. The pH and the
resistivity of the freshly prepared distilled water were 6.8 and
18.2 MΩ cm, respectively. All the experiments were performed at
temperature 26±1 °C unless otherwise mentioned.

To study the adsorption behavior of PEP at bare air/water interface,
PEP was injected into thewater subphase from the previously prepared
aqueous stock solution to attain the required final concentration
(0.1 mg/mL) in subphase of LB trough.

To study theadsorptionkineticsof PEP inODAmonolayer at constant
area, the pure ODAmonolayer was pre-compressed to requisite surface
pressure and then the aqueous solution of PEP was injected into the
subphase to attain the required final concentration. The details of
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Fig. 1. Panel X represents the surface pressure (π)–time (t) plot. Curve A: Adsorption of
PEP at bare air/water interface. The curves B–E represent the π–t plot at different pre-
compressed πpc of ODA monolayer when PEP is injected beneath the ODA monolayer.
Corresponding πpc for B, C, D, and E curves are 5, 10, 18, and 30 mN/m surface pressure
respectively. In each case, the protein concentration in the subphase is maintained at
0.1 mg/ml. Panel Y represents the plot of change of surface pressure (Δπ) with time for
the Curve A of panel X up to 500s. Panel Z represents the plot of Δπ at different pre-
compressed surface pressure (πpc). The line is the linear fit.

Fig. 2. Surface pressure (π)–time (t) plot. Curve A: Adsorption of PEP at bare air/water
interface. Here the lag time part is rejected. Curves B and C represent the growth of PEP
below ODA monolayer pre-compressed at 5 mN/m with CPEP=0.1 and 0.001 mg/mL,
respectively. The solid lines are the fitted curves using the Eq. (1). Inset shows the
structures of ODA and PEP.
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experimental processes were similar with our previous experiment
described elsewhere [10,17].

For the preparation of pure PEP film, a known amount of aqueous
solution of PEP of concentration 1 mg/mL was spread on the water
subphase by a microsyringe. A similar technique was used for the
preparation of ODA monolayer where chloroform solution of ODA
(1mM) was spread on the water subphase by a micro syringe. For the
surface pressure–area isotherm measurement of PEP–ODA system, first
wemixed thePEPwith subphasewith concentration of PEP ranging over
0.0001, 0.0005, and 0.001 mg/mL. The ODA solution was then spread on
this PEP containing subphase. In all above-mentioned cases, the films
were compressed to the required surface pressures with a compression
speed of 1 Å2/ (molecule min), after a delay of 20min from spreading. It
is worth to mention that during this waiting time, some PEP molecule
will make a complex with ODA molecule and some free PEP molecules
may occupy holes of free air water interface. Delay of 20min is found
optimum for stable monolayer configuration of PEP, PEP–ODA complex.

Finally, after 2h of stabilization, all the films were transferred very
carefullywith a speedof 5 mm/minonto thoroughly cleanedhydrophilic
glass cover slips and silicon wafers, which were previously immersed in
the subphase. The detail cleaning procedure was reported in our earlier
literature [12].

The surfacemorphology of all films was studied by high-resolution
field emission scanning electron microscope (FE-SEM, model no JEOL
JSM-6700 F).

FTIR spectra of PEP in all films on silicon wafer substrate were
recorded at room temperature on Magna-IR (Model No 750 spectrom-
eter, series II), Nicolet, USA. In all the cases, the data were averaged over
100 scans. The resolution of the instrument is 4 cm−1.

3. Result and discussion

3.1. Kinetics of PEP incorporation/association within ODA monolayer

In our earlier work [21], we have studied in detail the interfacial
surface activity of PEP at air/water interface by monitoring the time (t)
dependent surface pressure (π) at various concentrations of PEP (CPEP).
The CPEP dependent π–t curves showed that there were initial lag times
(τlag) where π values remained near zero. This initial lag phase is the
diffusion-limited regime, a significant characteristic of protein adsorp-
tion process, where the interface is lacking sufficient quantity of PEP for
noticeable change in π. This lag time (tlag) is the time required for
attaining the minimum monolayer coverage for an effective and
measurable surface pressure [21,22]. After tlag, there is faster increase
of π followed by a slower increase. In the first step, the diffusion of
molecule to the subsurface just below the interface is effective, whereas
in the second step the adsorption of protein/enzyme molecules at the
air/water interface is effective. In the second step, the adsorbed protein
molecules rearrange among themselves resulting in partial unfolding of
adsorbed segment [21–23]. Earlier studies [21] also showed that the
increase of CPEP decreases τlag and makes the diffusion rate faster, as a
result more pepsin molecules comes to surface very quickly and less
time is required to attain saturation. We have found out the optimum/
critical concentration of pepsin to fill up the surface after which no
further penetration takes place. The critical pepsin concentration
observed in our experiment was 0.1 mg/ml.

The curve A of panel X in Fig. 1 (taken from our earlier study [21])
shows the increase of π for the PEP solution of final concentration
(CPEP) of 0.1 mg/mL. Here PEP was injected inside the water subphase.
To visualize clearly the panel Y of Fig. 1 displays the same up to 500 s.
The π–t curve shows a lag phase up to t=160 s where the π values
remains near zero.

To study the incorporation kinetics of PEPwithin theODAmonolayer
at the air/water interface, the monolayer of ODA was compressed to a
particular surface pressure (πpc), in the pure water subphase and then
an amount of PEP solution was injected into the water subphase to
obtain the required final concentration. Curves B–E of panel X in Fig. 1
represent the time dependent changes in surface pressure of the ODA
monolayer pre-compressed at various πpc, when a fixed amount
(0.1 mg/mL final concentration) of PEP was injected beneath the ODA
monolayer in the water subphase.

The result shows that the addition of ODA at the air/water
interface alters the shape of the curve. An immediate increment of π is
observed and the equilibrium is attained within same duration,
implies that the PEP molecules interact and incorporate with the ODA
monolayer. The inset of Fig. 2 shows the structures of ODA and PEP



Table 1
Fitting parameters using Eq. (1) of adsorption kinetics of PEP with different PEP concentration in water subphase in presence and absence of ODA.a

CPEP. (mg/mL) A1 t1 (s.) A2 t2 (s.) R2

No ODA 0.1 5.62±0.01 352.14±4.71 8.01±0.08 1401.06±18.99 0.998
ODA at 5 mN/m 0.1 9.41±0.04 37.70±0.83 5.84±0.03 1350.30±3.49 0.999
ODA at 5 mN/m 0.001 1.35±0.01 69.83±1.12 4.50±0.01 893.86±3.44 0.999

a A1 and A2 are the relative amplitudes and t1 and t2 are corresponding time constants of two mechanisms involving in association process. (R2) is the residual square correlation
coefficient.

Fig. 3. Plot of surface pressure (π)–area (A) isotherm at room temperature (26°C).
Curve A: Pure ODA at air/water interface. The curves B–D represent the isotherms of
ODA–PEP mixed monolayer with CPEP=0.0001, 0.0005 and 0.001 mg/mL, respectively.
Curve E: Pure PEP at air/water interface. The bottom axis is for curves A, B, C, and D and
the top axis is for curve E. In ODA–PEP mixture, the area/molecule is measured with
respect to ODA only.
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monomer collected from Protein Data Bank (PDP 5 PEP) PEP molecule
is amphiphilic in nature. Helical parts are generally hydrophobic in
nature whereas β-sheets and turns are hydrophilic in nature. In
aqueous solution protein folds itself to keep hydrophobic part away
from water. At pH 6.8, the ODA monolayer is positively charged (pKB

of ODA=10.5) [19], whereas the PEP molecules are negatively
charged (pI of PEP=1.0) [24], thus due to attractive electrostatic
interaction a rapid diffusion of PEP into ODA matrix is observed.
Moreover, the hydrophobic interaction together with the electrostatic
may be responsible for higher accumulation of the protein at the air/
water interface in presence of ODA. The similar observation of
increase of surface activity of ovalbumin in presence of ODA was
reported in our earlier literature in detail [17].

It is found that Δπ=πt−πpc (πt represents the surface pressure at
time t) at t=3000 s decreases with the increase of πpc as shown in the
panel Z of Fig. 1. At πpc=30 mN/m, a very small amount of PEP uptake
occurs. At higher πpc, due to small amount of PEP penetration, the
change in surface pressure becomes less significant. This plot of Δπ
versus πpc gives the value of the critical surface pressure (πc) at
~31.0 mN/m. πc is the surface pressure at which the protein cannot
produce any further increase of surface pressure. Moreover, the
increment of surface pressure at the expanded region is more than
that of at the condensed region. These results clearly demonstrate that
the protein penetration behavior is different in the above-mentioned
two cases. The protein association or incorporation facilitates in the
expanded region. The slower adsorption kinetics of PEP at the interface
in presence of condensedODAfilm compared to expandedfilm could be
due to the difference in permeability of the respective ODAmonolayers.
Only negligible amount of PEP penetrates in condensed ODA film and
thus the surface pressure remains unaltered. A slow protein attachment
process is also competing here. Similar observations were found for
ovalbumin in DPPC, ODA and SA [10,17,20] as well as puroindoline in
DPPC and in DPPG monolayer [25].

For analyzing the kinetics of PEP association, the adsorption curves
are fitted to double exponential association mechanism using
following equation [17,20,26].

πt = π0 + A1 1− exp −t=t1Þ� + A2 1− exp −t=t2Þ�
�h�h

ð1Þ

πt and π0 in Eq. (1) are the surface pressures at time t and zero
respectively. Constants A1, and A2 are the relative amplitudes and t1
and t2 are corresponding time constants of two mechanisms
(diffusion with adsorption and rearrangement with unfolding)
involved in the adsorption process [10]. A relative contribution of
bothmechanisms among themonolayer containing different amounts
of protein may be obtained from these parameters A1, and A2. A non-
linear least square fitting based on Levenberg–Marquardt algorithm of
Microcal Origin 7.5 was used for curve fitting.

Curve A in Fig. 2 shows the growth curve at bare air/water
interface after discarding the initial part belongs to the lag time and
rescaled the adsorption curves, where the zero time has been adjusted
when the surface pressure starts to increase [21]. Curves B and C in
Fig. 2 represent the growth of PEP below ODA monolayer pre-
compressed at 5 mN/m with CPEP=0.1, 0.001 mg/mL, respectively.
The growth curves show reasonably good fits with residual square
correlation coefficient (R2)≥0.99. The parameters resulting from the
fits are summarized in Table 1.

At CPEP=0.1 mg/mL, the value of t1 decreases and A1 increases in
presence of ODA compared to bare air/water interface implies that
diffusion of PEP is faster in presence of ODA and uptake of more PEP
occurs. The value of t2 is almost similar in both ODA–PEP system and
pure PEP. Increment of value of A1 and decrement in t1 with the
increment of CPEP at the same pre-compressed ODA monolayer,
indicates that diffusion of PEP increases with concentration of PEP.
The above results indicate that the strong electrostatic interaction
between ODA and PEP.

3.2. π–A isotherm study

We have discussed in detail the behavior of the π–A isotherm of
PEP monolayer at air/water interface [21]. Fig. 3(A) represents the π–
A isotherm of Langmuir monolayer of ODA on the water subphase,
exhibits a condensed monolayer on the subphase of pure water at pH
6.8. Area/molecule starts to increase at ~0.22 nm2/ODA similar to that
reported in the literature [19]. The curves B, C and D in Fig. 3 trace the
π–A isotherms of mixed Langmuir monolayer of ODA–PEP with
CPEP=0.0001, 0.0005 and 0.001 mg/mL in the water subphase
respectively. In our earlier literature [21], we discussed in detail
about the π–A isotherm of monolayer of PEP on the pure aqueous
subphase. We have included here the same (Fig. 3(E)), to compare it
with other isotherms of PEP–ODA mixed monolayer. The π–A
isotherms of PEP–ODA mixed monolayers show sigmoidal shape
[17,27]. With increasing concentration of PEP in the water subphase,
the area/molecule of ODA increases, indicates the incorporation of PEP
within the ODAmonolayer. All the mixed isotherms of PEP–ODA cross
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the pure ODA isotherm at higher surface pressures. A complete
expulsion or successive squeezing out of Pepsin can interpret this
observation. Other authors have come to the same conclusions with
similar observations [19,27–29] for different proteins and lipids. With
further compression, the area/molecule for the mixed monolayer is
found to be less than the pure ODA, as CPEP increases. This
phenomenon is more prominent in the case of higher protein
concentration. At high surface pressure, in the process of squeezing
out, the PEP molecules those are already bounded with the ODA may
also drag out ODA molecules from the air/water interface. Others
[19,30] interpreted similar observation in the same way. As
mentioned earlier, that at subphase of pH 6.8 a strong electrostatic
interaction between the ODA and the PEP is expected, so at high
surface pressure, the PEPmoleculesmay drag the ODAmolecules with
them [31]. This observation indicates that the interaction between
PEP and ODA is very strong.

The two-dimensional surface compressibility analysis of the
Langmuir monolayer is performed to understand the presence as
well as details of phase transition [32–36]. The compressibility
coefficient (β) is calculated using the following equation [32].

β = − 1
A= Þ: δA=δπ

� �
T

�
ð2Þ

Here, π and A represent the surface pressure and area/molecule of
the monolayer respectively at constant temperature (T). Any phase
transition could be represented by the β–π curve whose peaks
indicate the maximum compressibility (βmax) of the monolayer. βmax

represents the greatest intermolecular cooperativeness. The asym-
metry of the peak indicates that phase transition may consist of
several steps [32].

The Fig. 4 shows the β–π curves for ODA, ODA–PEP and PEP
isotherms. The Fig. 4(A) represents the β–π curve for pure ODA. We
have not found any phase transition region in the π–A isotherm for
pure ODA. Yin et al. [34] reported similar observation. The β–π curves
of the ODA–PEP mixed monolayers with different PEP concentrations
are illustrated in Fig. 4(B to D). The β–π curve of the pure PEP shows a
broad peak at π ~32 mN/m represented in Fig. 4(E), taken from our
earlier literature [21] where more detail description was presented.
This broad peak for pure PEP arises due to partial squeeze-out of PEP
from the monolayer, preceding the full collapse [21]. Whereas, the
Fig. 4. Plot of compressibility (β)–surface pressure (π) at room temperature (26 °C). Curve
A: Pure ODA at air/water interface. The curves B–D represent the isotherms of ODA–PEP
mixedmonolayer with CPEP=0.0001, 0.0005 and 0.001mg/mL, respectively. Curve E: Pure
PEP at air/water interface. The inset shows βmax vs CPEP plot of the PEP–ODAmonolayer.
peak due to squeeze-out of PEP was found at π~35 mN/m for the
ODA–PEP mixed monolayers. The change of the width of the peak is
the manifestation of the interaction and binding of PEP with ODA. The
peak corresponds to the beginning of a progressive expulsion of PEP
from the mixed monolayer into the subphase upon compression,
observed by FE-SEM image. It will be discussed in the appropriate
section. Moreover, from the β–π curves, it is evident that the
maximum compressibility, βmax of this transition is dependent on
the PEP concentration. The βmax at this transition region of the ODA–
PEP complex layer with different amounts of PEP increases, with the
increasing PEP concentration (CPEP) in the subphase (inset of Fig. 4).
Therefore, it is necessary to transfer a better and smooth protein–lipid
mixed film below the transition point (π at βmax) of the PEP
monolayer to avoid the squeezing out of PEP. The compressibility
peaks are quite symmetric in all the cases. Therefore, one step
transition process is involved in both cases. Absence of any large
shifting of peaks (βmax) in ODA–PEP monolayer predicts no such
hydrophobic mismatch is involved in the process of PEP incorpora-
tion. We believe that the hydrophobic mismatch is not operating in
case of ODA–PEP due to strong electrostatic interaction between ODA
and PEP.

3.3. FTIR study

FTIR spectra of LB film of protein/enzyme are very useful tool to
identify the unfolding, denaturation, intra- and intermolecular
aggregation of protein/enzyme by monitoring its amide bands within
a fixed range [37]. The amide-band of protein mainly comprises of
amide-I (~1600 to 1700 cm−1) and amide-II (~1500 to 1600 cm−1).
The panels A and B of Fig. 5 represent the FTIR spectra of thin
monolayer film of PEP and PEP–ODA lifted from pure water subphase
at π=35 mN/m respectively. Both the spectra consist of two broad
peaks arising from amide-I and from amide-II. The vibration band of
amide-I is mainly resulted from carbonyl stretching vibrations of the
peptide backbone, which depends on the strength of hydrogen bond
and the interactions between the amide units, also amide-II is due to
the combination of N―H in-plane bending and C―N stretching
vibrations of peptide groups [37,38].We have not compare the amide-
II regions of the FTIR spectra of thin film of PEP and PEP–ODA, since
both the vibrations of PEP and ODA head group overlap in amide-II
region. The vibration band of amide-I is thus sensitive to the peptide
secondary structures that span different components, such as α-helix,
β-sheets, β-turns, random coil structure, intra and intermolecular
aggregates. The determination and the assignment of the spectral
components of the amide-I band can then provide information on the
secondary structure of protein [37,39]. We have analyzed the amide-I
band to find out about the intra- and intermolecular aggregates as
well as the formation of β-sheet to study the conformations of PEP.
However, the most crucial point is the assignment as well as the
deconvolution of the different components of secondary structure in
amide-I band. This is generally, done by Gaussian fitting to describe
the components [40]. A multiple peak fitting technique with Gaussian
profile was employed to fit normalized amide-I band that allows one
to identify and determine the peak frequencies of different compo-
nents [41]. In addition, the percentage area of the corresponding
deconvoluted peaks gives the relative amount of conformers. We have
tried to make a second derivative of the amide-I band to find both the
position and the number of the peaks. It is worth noting that in all the
spectra considered in the present work, the maximum number of the
components (N), which can be identified in the deconvoluted amide-I
band, are 5 for pure PEP film and 6 for PEP–ODA film to have a
meaningful fitting. These values are also obtained from second
derivative spectrum presented as upper curve in the panels C as
well as in D in Fig. 5.

Since the secondary structures are stabilized by hydrogen bonds
between amide C O and N―H groups, the position of the components



Fig. 5. FTIR spectra of amide-I and amide-II band. Panel A: PEP monolayer film. Panel B: ODA–PEP LB film. Panel C: multi-peak fitting curves of normalized amide-I band of A. The
upper curve of panel C represents the double derivative spectrum of C. D:multi-peak fitting curves of normalized amide-I band of B. The upper curve of panel D represents the double
derivative spectrum of B.

Table 2
Fitting parameters of amide-I band for PEP thin film.a

Conformers Area (%) Position (cm−1) FWHM (cm−1)

A B A B A B

A1 8.94 25.01 1623.4 1615.8 10.61 25.99
β 39.42 19.90 1637.0 1630.0 17.43 16.92
RC – 14.74 – 1641.1 – 12.94
α 29.73 9.34 1654.5 1653.5 15.93 13.98
T 21.56 17.21 1669.6 1674.6 16.64 15.14
A2 0.35 13.80 1684.7 1687.7 05.94 12.89

a A: monolayer film of pure PEP lifted from bare air/water interface, B: ODA–PEP LB
film lifted from air/water interface. Area (%)=100 represents the total area under
curve. FWHM is full width at half maximum of a peak.
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depends on the patterns and the strength of the hydrogen bonds.
Hydrogen bonding causes shifting of the vibration at lower wave
number. The β-sheet structures have the strongest hydrogen bonds,
exhibit an amide-I maximum at much lower frequency than α-helices
[38]. The 1618 cm−1 and 1683 cm−1 bands are assigned to inter (A1
component) and intra-molecular aggregates (A2 component) respec-
tively [37]. In case of aggregates, the hydrogen bonds formed between
C O andN―Hgroups of any polypeptides strandswithwhich they come
in contact. The consequence is that many hydrogen bonds are formed
between polypeptide chains in neighboring protein molecule, forming
an aggregate stabilized by very strong intermolecular hydrogen bonds
[38]. The 1666 cm−1 component can be ascribed to the vibrationmodes
originated by β-turns in the structures (T-component) [37,38,42–47].
The 1645 cm−1 band is assigned to random coil (RC) [48].

The panels C and D of Fig. 5 represent the fitting curves of
normalized amide-I peak of LB thin films of PEP and PEP–ODA lifted
from pure water subphase and fitting results are reported in Table 2.
For all the fittings the square of the correlation coefficient, R2 is found
to be 0.999. The summary of the fitting result is presented in Fig. 6 by
bar diagram and in Table 2. The β/α ratio for different films are
presented in the inset of Fig. 6.

The Fig. 6 and Table 2 show that the monolayer of PEP lifted from
pure water subphase is composed of high amount of β-component
(39.42%) and relatively small amount of α-component (29.73 %).
Since the β/α ratio (1.325) is greater than unity, some α helix may be
converted into β sheet. In addition, large values of A1 (8.94%) and low
value of A2 (0.35%) indicate that there are mostly larger intermolec-
ular aggregates. The LB thin film of PEP–ODA lifted from pure water
subphase is also composed of relatively high amount of A1 (25.01%),
A2 (13.80%) and β-component (19.90%) and of small amount of α-
component (9.34 %). The β/α ratio (2.131) is greater than monolayer
film of pure PEP lifted from pure water subphase. Thus, more amount
of α helix may convert into β sheet as well as forms intermolecular
aggregates in case of mixed ODA–PEP film than pure PEP monolayer.
We have also found a large amount of RC structure (14.74%) in case of
mixed ODA–PEP film. This component was not found in pure PEP
monolayer. Moreover, large value of A1 (25.01%), A2 (13.80%) as well



Fig. 6. Bar diagram of the result obtained from Fig. 5C and D.
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as high amount of RC structure indicate that there are mostly larger
intermolecular aggregates with greater unfolding of PEP occurs in
ODA–PEP mixed film.
Fig. 7. FE-SEM images of transferred film. Panel A: pure ODA film. Panel B: PEPmonolayer film
at π=35 and 20 mN/m, respectively from pure water subphase.
3.4. Surface morphology of transferred monolayer

The surfacemorphologyof the transferredmonolayerswasobserved
by high-resolution FE-SEM. The panels A, B and C in Fig. 7 represent the
surface morphology of transferred monolayer of pure ODA, pure PEP,
and PEP–ODA, transferred at condensed state (35 mN/m) on a hydro-
philic glass substrate, respectively.

In case of pure ODA (panel A), the film is almost compact with the
aggregateddomainsof sizes arearound100 nm. In the condensed region,
the growth of the ODA domains is reported in the literature [17,49].

The panel B shows that surface morphology of the PEP film
transferred at π=35 mN/m. It consists of two layers. The upper layer
consists of larger clusters (20–30 nm) peeping out from the surface.
The PEP molecules squeezed out from the air/water interface leads to
cluster formation due to greater unfolding of PEP molecules those
were in completely in the air phase [21]. Therefore, FE-SEM image
supports the observations and the arguments of the π–A isotherm.
Although the origin of squeeze-out of the protein is not very clear to
us, but the desorption of hydrophobic moieties of PEP from the air/
water interface due to high surface pressure may be the cause of
squeezing out of protein.

Panel C in Fig. 7 shows the surface morphology of the ODA–PEP
monolayer at condensed region (35 mN/m) in micrometer scale
transferred at π=35 mN/m. Panels C and D represent the ODA–PEP LB film transferred
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resolution. Surface is rough and the protein forms clusters and tend to
amalgamate to form a layer of protein onto the ODA monolayer. This
amalgamated layer consists of globular domain of PEP. Here, some
patches (holes) are observed in the film inmicrometer scale resolution.
The overall results indicate that at very high surface pressure region,
proteins are almost squeezed out from the ODA monolayer. Due to
strong electrostatic interaction, some ODA expels into the subphase
from film together with PEP and form holes. Some may squeezed out
towards air creating protein rich upper layered structure. Therefore, the
observation in isotherm is confirmed by FE-SEM imaging. Therefore,
film shouldbe transferredbelow the transition region (π=35mN/m) to
avoid the squeezing out of PEP as well as for smooth film. To avoid the
squeezingoutof proteinwe transferred afilmat20 mN/m(PanelD), i.e.,
below the transition region. This film looks like a protein–lipid mixed
film and composed of aggregates of ODA–PEP with dimension ranging
from 20–50 nm in diameter.
4. Conclusion

We have studied the incorporation/entrapment of water-soluble
surface-active enzyme pepsin (PEP) within an insoluble cationic
octadecylamine (ODA) Langmuirmonolayer. The observation suggests
that the incorporation of PEP is less preferable at higher surface
pressure. Natural biomembranes are in the pressure range ~30 mN/m.
So we may say that PEP may not bind/penetrate to true biological
membrane. The electrostatic interaction plays a significant role for the
greater diffusion of PEP in cationic ODA monolayer. A double
exponential association mechanism associated with diffusion and
reorganization is responsible for the incorporation of PEP within ODA
monolayer. The compressibility studies along with FE-SEM analysis
indicate the squeezing out of PEP from the monolayer. It also helps us
to select the optimum surface pressure to obtain a good quality and
well-ordered Langmuir film. At high surface pressure region, protein is
squeezed out from the surface. FE-SEM study also supports this
observation. To get a good quality protein–lipid mixed film, the film
should be lifted just below the transition region.

FTIR study of amide bands together with FE-SEM imaging of ODA–
PEP mixed film indicate that ODA perturbs the PEP by the increment
of β-structure resulting into larger unfolding, intra and intermolecular
aggregates.
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